Abstract-This paper presents a novel channel estimation and compensation technique, combining fading estimation and frequency offset estimation, for preamble-assisted differentially encoded amplitude-and phase-shift keying (DAPSK) transmission in the digital mobile radio system. The received preamble symbols are used to estimate the combined distortions caused by multipath fading and frequency offset. The detected data symbols as well as preamble symbols are used to enhance the accuracy of the estimation process. The combined distortions can be compensated in the data symbols at the same time. The storage-delay time of the estimation process is only several symbols long. A series of computer simulations have been carried out to investigate the bit error rate performances of the preamble-assisted 16-DAPSK signals with uncertain frequency offset in the frequency-nonselective and frequency-selective Rayleigh fading channels.
I. INTRODUCTION

R
ECENTLY, there has been growing interest in applying multilevel modulations, such as quadrature amplitude modulation (QAM), differentially encoded phase-shift keying (DPSK), and differentially encoded amplitude-and phase-shift keying (DAPSK), with higher spectral efficiency to the burst-mode high-data-rate digital mobile radio systems [1] - [4] . In mobile environments, the amplitude and phase of received signals are perturbed randomly by both additive white Gaussian noise (AWGN) and multipath fading [5] . Multipath fading, which introduces severely time-varying amplitude and phase distortion to signal waveforms, obstructs the receiver to recover reliable amplitude and phase references for data detection. The irreducible bit error rate (BER) caused by multipath fading inhibits the use of multilevel modulations. However, channel compensation techniques and differential detection techniques have been studied to mitigate multipath fading in the multilevel modulation transmission, respectively [4] .
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Two types of conventional channel sounding schemes, pilot tone-aided scheme and pilot symbol-aided scheme, can be used to suppress the irreducible BER and enable the multilevel modulations with coherent detection. In a pilot tone-aided scheme, such as transparent tone-in-band (TTIB) [6] , [7] , the pilot tone provides the receiver with an explicit amplitude and phase reference for data detection. This scheme requires relatively complex signal processing and results in an increased peak-to-average power ratio. In the pilot symbol-aided scheme, the channel distortion can be estimated by the received pilot symbol [8] - [10] and then used to correct the fading effects in the data symbols.
However, in the pilot symbol-aided scheme, the storage-delay time for the process is at least one frame long even by using a simple first-order estimation technique [10] , as illustrated in Fig. 2 . Furthermore, most previous works on pilot symbol-aided modulation system assumed that the frequency offset produced negligible degradation. If a less accurate oscillator is employed and nontrivial frequency offset is not properly compensated, a significant loss in performance or in throughput rate would result [11] . Consequently, frequency offset estimation is required to relieve the stringent requirements on the oscillator's accuracy and stability. A frequency offset compensation of pilot symbol-assisted modulation (PSAM) transmission using maximum-likelihood estimators (MLEs) has been investigated by Kuo and Fitz [12] in the frequency-nonselective fading channel. The frequency offset can be estimated from the demodulated pilot symbols. However, the acquisition time is needed at least several frames long.
In this paper, we consider the DAPSK modulation, which was first proposed in [13] and further studied for application in high-data-rate wireless communications [14] - [19] . The major advantage of DAPSK modulation is its robustness to fast channel variation and simplicity in demodulation, because it allows a simple differential detection without tracking the absolute amplitude and phase of received signals. Several studies in the differential detection of DAPSK have been presented in [20] - [23] . A noncoherent detection scheme for the preamble-assisted DAPSK transmission was presented and analyzed in [23] . This scheme yields an error performance approaching that of the QAM scheme with ideal coherent detection within a loss of approximately 1 dB in AWGN channel.
Here, we focus on the channel estimation and compensation techniques of a preamble-assisted DAPSK transmission for coherent differential detection. The frame structure of the preamble-assisted DAPSK transmission system is illustrated in Fig. 1 the preamble sequence, and so is able to extract the preamble symbols from the received signal. The received preamble symbols are used to estimate the combined distortions caused by multipath fading and frequency offset. In the proposed scheme, detected data symbols as well as preamble symbols are used to enhance the accuracy of estimation process. The storage-delay time for the process can be reduced to only several symbols long, as illustrated in Fig. 3 . At the same time, signal distortions caused by multipath fading and frequency offset can be compensated in the data symbols. The major difference between our proposed scheme and Chung's scheme in [23] is that preamble symbols are used in the proposed channel estimation to achieve the coherent differential detection, rather than the noncoherent differential detection of DAPSK signals.
This paper is organized as follows. Section II describes the preamble-assisted DAPSK transceiver and the channel model used in the simulations. The proposed preamble-assisted channel estimation and compensation technique is described in Section III. The BER performance of the proposed preamble-assisted scheme is presented in Section IV and compared with the pilot symbol-aided scheme for coherent detection and the differential detection scheme for noncoherent detection. A brief conclusion is given in Section V.
II. PREAMBLE-ASSISTED DAPSK SYSTEM AND CHANNEL MODEL
The preamble-assisted DAPSK transceiver and the equivalent-baseband channel model are shown in Fig. 4 .
A. Transmitter
In the transmitter, the preamble symbols are packaged and inserted into a frame in front of data symbols for transmission. The transmitter sequentially encodes information bits onto the amplitude ratio and phase difference between two consecutive transmitted symbols. In the preamble-assisted modulation transmission, each frame consists of one preamble block of symbols followed by one data block of ( ) symbols, as shown in Fig. 1 . Note that the preamble-assisted modulation transmission with corresponds to the PSAM transmission. The -ary DAPSK (MDAPSK) modulation with concentric amplitude rings, each containing phases, where , can be further described as follows. A sequence of transmitted bits is first grouped and mapped by Gray labeling into one of independent symbol pairs ( ) according to MDAPSK signal constellation, where
, the th MDAPSK symbols of the th frame is given in the complex form by (3) where is a fixed ring-ratio and (4) is the normalized-gain of the MDAPSK symbols, that is, the average transmitted signal power is normalized to unity. and indicate the amplitude and phase levels of the transmitted symbols and are related to and by
respectively. Therefore, an MDAPSK encoder can be treated as a combination of an -ary differentially encoded amplitude-shift keying ( DASK) encoder and an -ary differentially encoded phase-shift keying ( DPSK) encoder, as illustrated in Fig. 5 . Note that MDAPSK modulation with corresponds to MDPSK modulation.
B. Channel Model
Here, we consider that the multipath fading channel is frequency nonselective and modeled as a Rayleigh fading channel. The Rayleigh fading process was generated according to Jakes' model [5] , where the correlation function of fading process is given as (7) where is the maximum Doppler shift of the fading signal caused by the mobile motion. The Doppler shift is given by , where is the velocity of the mobile and is the wavelength of the carrier. In general, the normalized maximum Doppler shift is used as the measure for the fading rate, where denotes the symbol duration.
The equivalent-baseband signal at the receiver is given by (8) where is the pulse-shaping filter and denotes the average received signal-to-noise ratio (SNR) per symbol. Thus the average SNR per bit is given by (9) is a complex Gaussian process whose real and imaginary components have the same power spectral density (PSD) with . represents the combined distortion introduced into the desired signal in the fading channel.
and are frequency offset in radian and residual phase error introduced during demodulation, respectively.
C. Receiver
We assume that the pulse-shaping filter in the transmitter has a square-root raised-cosine (SRRC) shape with a rolloff factor ; and that the matched filter at the receiver has similar SRRC shape. The demodulated signal after the matched filter is given by (10) where the symbol denotes the time convolution process. Assuming that the maximum Doppler shift due to mobile motion is far smaller than the symbol rate 1 , i.e., the fading rate is small, then the intersymbol interference (ISI) caused by the filtering process can be neglected. Therefore, the demodulated signal after the matched filter can be simplified as (11) where is a raised-cosine Nyquist pulse with and is a filtered Gaussian process.
The demodulated signal after the matched filter is sampled and digitized through the analog-to-digital converter (ADC) driven by the sampling instants provided by symbol timing recovery. We have that (12) where denotes the sampling timing error. The on-time samples of the th frame (13) are used for the detector and decoder.
Assuming that the baseband received signal is sampled in synchronism, i.e., , the sampled signal at time is given by (14) where noise term; combined distortion due to multipath fading; and normalized frequency offset in radian and residual phase error, respectively. To reduce the performance degradation by channel distortions caused by multipath fading and frequency offset, channel estimation and compensation described in Section III are adopted in front of the DAPSK decoder.
D. DAPSK Demodulation
The DAPSK decoder is a combination of an amplitude-level decoder and a phase-level decoder, as illustrated in Fig. 6 . The amplitude and phase level of the compensated symbols obtained through the envelope-level detector and phase-level detector are given by (15) Arg (16) respectively. The change of amplitude and phase levels between two consecutive compensated symbols can be computed as
respectively. The differentially detected symbol pairs of MDAPSK signals are obtained by comparing with the decision thresholds and then taking modulo-operations as (19) The th detected MDAPSK symbol of the th frame in complex form is given by (23) where the ring ratio and normalized gain are the same as that in the DAPSK encoder (24) (25) indicate the amplitude and phase levels of the detected MDAPSK symbol , which are related to the differentially detected symbol pairs , respectively. In the absence of AWGN and with the optimal channel compensation, the compensated symbols are very close to the transmitted symbols, i.e., . Therefore, the amplitude and phase levels of the compensated MDAPSK symbols are given by (26) (27) and then the amplitude and phase levels of the detected MDAPSK symbols are obtained as 
III. CHANNEL ESTIMATION AND COMPENSATION
Since the preamble symbols are known at the receiver, in the absence of AWGN, the channel distortions in the preamble block, for , can be obtained by
where is the th preamble symbol of the th frame. The estimate of normalized frequency offset (in radian) due to the Doppler shift and the mismatch of local oscillator (LO) in the receiver can be obtained by Arg Arg
However, in the presence of AWGN, the estimates of channel distortions in the preamble block, for , are calculated as (32) The instantaneous estimate of normalized frequency offset in radian at the th symbol of the th frame is calculated as Arg
In the proposed channel estimation, the detected data symbols as well as the preamble symbols are used to enhance the accuracy of estimation process. In the data block, the previous estimates of channel distortions and normalized frequency offset are used to estimate the current channel distortion and normalized frequency offset. There exists a phase rotation between and , caused by frequency offset. Therefore, the estimates of channel distortions on the data symbols, for , are calculated as (34) where is the window size of a moving average filter. The choice of a suitable window size of the moving average filter is a tradeoff between the accuracy of estimation process and the complexity in implementation. The estimate of normalized frequency offset is updated recursively through an exponentially weighted (EW) filter, for , and given by (35) where is the forgetting factor, . The choice of the forgetting factor of the EW filter is a tradeoff between convergence speed and mean square error (MSE) in steady state. The estimates of channel distortions are used to correct the data symbols, and the compensated symbols, for , are obtained as
The compensated symbols are then fed into the detector and decoder to produce the detected symbol and the binary data at the output. The proposed channel estimation and compensation scheme is illustrated in Fig. 7 .
IV. COMPUTER SIMULATIONS
A series of computer simulations have been carried out to investigate the BER performances of the preamble-assisted 16-DAPSK signals not only in the frequency-nonselective but also in the frequency-selective fading channels.
The frequency-selective fading channel is modeled as a two-ray Rayleigh fading channel [24] with the time delay between the main path and the delayed path. Each of the transmission paths introduces uncorrelated Rayleigh fading distortion to the corresponding transmitted signal. The main-path-to-delayed-path power ratio is defined as SDR , where and are the signal power of the main path and delayed path, respectively. When SDR dB, the signal powers of the main path and delayed path are equal. The normalized delay between the signals from the main path and delayed path is defined as . However, this channel model becomes frequency nonselective when SDR dB or . Moreover, the signal-to-noise ratio is defined as SNR . The normalized frequency offset is defined as , and in the absence of frequency offset. The normalized maximum Doppler shift, or the fading rate, is defined as , and in the absence of the fading distortion.
Furthermore, the parameters of the simulation system are described as follows. In the proposed preamble-assisted scheme and the noncoherent differential detection scheme, the frame length and the preamble length . In the pilot symbol-aided scheme, , and . A symbol rate of k symbols per second are used throughout the simulations. The signal constellation of 16-DAPSK modulation contains two concentric amplitude rings, each containing eight phases, i.e., , . The ring ratio of 16-DAPSK signals equals to 2.0. Therefore, the normalized gain is . The rolloff factor of the SRRC filter equals 0.5. The forgetting factor of the EW filter in frequency offset estimation is 0.5. ). From the simulation results, the suitable window size of the moving average filter is chosen as for the accuracy of estimation process and the complexity in implementation.
A. Frequency-Nonselective Fading Channels
The BER performance versus the SNR per symbol in frequency-nonselective fading environments (SDR dB and ) is shown in Fig. 9 . The dashed lines show the BER performances of the schemes referred to in [10] , where "DD-16DPSK" and "DD-16DAPSK" denote the BER performances of 16-DPSK and 16-DAPSK signals with noncoherent differential detection and "PSA-16PSK" and "PSA-16QAM" denote the BER performances of 16-PSK and 16-QAM signals with the pilot symbol-aided technique for fading compensation, respectively. The lines marked with "PA-16DAPSK" show the BER performances of 16-DAPSK signals with the proposed preamble-assisted channel compensation, where "Optimal" denotes that the receiver has the knowledge of frequency offset and fading effect, so there is no estimation error. We can see that the proposed preamble-assisted scheme outperforms the other schemes even with a frequency offset (
). Fig. 10 shows that the BER performance versus the normalized frequency offset in frequency-nonselective fading environments (SDR dB, SNR dB, and ). From the simulation results, we can see the improvement in the suppression of frequency offset for the proposed preamble-assisted channel compensation. Since frequency offset contributes a continuous phase rotation in signal waveforms, the BER performances of PSA-16PSK and PSA-16QAM signals are degraded severely with the increase of frequency offset ( ). However, frequency offset contributes a constant phase rotation (2 ) for DPSK and DAPSK signals after differential detection, the BER performance of noncoherent differential detection is degraded rapidly when the normalized frequency offset is close to the boundary, , so the boundary for PA-16DAPSK signals is 0.25. Fig. 11 shows that the BER performance versus the fading rate in frequency-nonselective fading environments (SDR dB and SNR dB). Since the "Optimal" scheme is optimal only for the channel estimation process, the noise term still exists. The signal energy varies rapidly with the increase of fading rate. Thus, the BER performance of the PA-16DAPSK signal in the "Optimal" scheme is dominated by the noise. Furthermore, the error of channel estimation increases with the fading rate. Therefore, the BER performances of PA-16DAPSK signals with are degraded severely by the estimation error and the noise with the increase of the fading rate.
B. Frequency-Selective Fading Channels
Several simulations have been finished to show the BER performance in the frequency-selective fading environments (SDR dB and ). Fig. 12 shows the BER performance versus the main-path-to-delayed-path power ratio SDR in frequency-selective fading environments (SNR dB and ) with the normalized delay of 0.125. Fig. 13 shows that the BER performances versus the normalized delay between the main path and delayed path in frequency-selective fading environments with the equal-power assumption (SNR dB, SDR dB, and ). From the simulation results, we observe that the BER performance is degraded with the increase of the normalized delay and the decrease of the main-path-to-delayed-path power ratio SDR. However, the performance of the PA-16DAPSK signal is the best among the signals under test.
V. CONCLUSION
In this paper, a novel channel estimation and compensation technique, combining the fading estimation and frequency offset estimation, is investigated for a preamble-assisted DAPSK transmission system in mobile environments. The received preamble symbols are used to estimate the combined distortions caused by multipath fading and frequency offset. The detected data symbols as well as the preamble symbols are used to enhance the accuracy of estimation process. A moving average filter with a suitable window size is employed in the channel estimation process.
Several simulations have been completed to show the improvement in the suppression of frequency offset. Computer simulation results show that the tolerance of frequency offset for 16-DAPSK signals can be increased from 0.0625 to 0.25 by the proposed channel compensation technique. From the computersimulation results in the frequency-nonselective fading environments (SDR dB), we observe that the error of the channel estimation is increased and the BER performance is degraded with the increase of the fading rate . In the frequency-se- lective fading environments (SDR dB and ), the BER performance is degraded with the increase of the normalized delay and the decrease of the main-path-to-delayed-path power ratio SDR. However, the performance of the PA-16DAPSK signal is the best among the signals under test.
